Receptor activator of nuclear factor-kB ligand (RANKL), a trimeric tumor necrosis factor (TNF) superfamily member, is the central mediator of osteoclast formation and bone resorption. Functional mutations in RANKL lead to human autosomal recessive osteopetrosis (ARO), whereas RANKL overexpression has been implicated in the pathogenesis of bone degenerative diseases such as osteoporosis. Following a forward genetics approach using N-ethyl-N-nitrosourea (ENU)-mediated random mutagenesis, we generated a novel mouse model of ARO caused by a new loss-of-function allele of Rankl with a glycine-to-arginine mutation at codon 278 (G278R) at the extracellular inner hydrophobic F b-strand of RANKL. Mutant mice develop severe osteopetrosis similar to Rankl-deficient mice, whereas exogenous administration of recombinant RANKL restores osteoclast formation in vivo. We show that RANKL G278R monomers fail to assemble into homotrimers, are unable to bind and activate the RANK receptor and interact with wild-type RANKL exerting a dominant-negative effect on its trimerization and function in vitro. Since G278 is highly conserved within the TNF superfamily, we identified that a similar substitution in TNF, G122R, also abrogated trimerization, binding to TNF receptor and consequently impaired TNF biological activity. Notably, SPD304, a potent small-molecule inhibitor of TNF trimerization that interacts with G122, also inhibited RANKL activity, suggesting analogous inhibitory mechanisms. Our results provide a new disease model for ARO and identify a functional amino acid in the TNF-like core domain essential for trimer formation both in RANKL and in TNF that could be considered a novel potential target for inhibiting their biological activities.
INTRODUCTION
Bone remodeling is a constant process that functions through the synthesis of bone matrix by osteoblasts and the coordinate bone resorption by osteoclasts (1, 2) . Normally, osteoblastic and osteoclastic activities are balanced so that skeletal integrity is preserved. Perturbations in bone remodeling can result in skeletal abnormalities such as osteopetrosis and osteoporosis which are characterized by excessive or decreased bone mass, due to impaired or enhanced osteoclast activity. Receptor activator of nuclear factor-kB ligand (RANKL) is the primary mediator of osteoclast-induced bone resorption (3) and belongs to the tumor necrosis factor (TNF) superfamily (4, 5) that is characterized by homotrimerization. It is a type II transmembrane protein that consists of a short N-terminal cytoplasmic domain and a conserved extracellular TNF-like core domain forming an antiparallel b-sheet that is predicted to assemble into a trimer required for receptor activation * To whom correspondence should be addressed at: Biomedical Sciences Research Center 'Alexander Fleming', 34 Fleming str., 16672 Vari, Greece. Tel: +30 2109656310; Fax: +30 2109656563; Email: douni@fleming.gr (6, 7) . Soluble RANKL is generated either by proteolytic processing of the transmembrane form or by alternative splicing (8, 9) . RANKL is expressed on activated T lymphocytes (4, 5) as well as on stromal cells (10, 11) and binds as a trimer to its receptor RANK that is expressed on the surface of osteoclast precursors and mature osteoclasts. RANKL and RANK form a heterohexameric complex with a receptor molecule bound along each of the three clefts formed by neighboring monomers of the RANKL homotrimer. This interaction is necessary for osteoclast differentiation, activity and survival (10, 12) , which subsequently lead to bone resorption. Osteoprotegerin (OPG), a decoy receptor of RANKL, inhibits the binding of RANKL to RANK and thereby limits osteoclastogenesis (11) . Genetic ablations of either RANKL (13, 14) or RANK (15, 16) result in severe osteopetrosis due to complete lack of osteoclast formation, demonstrating that RANKL and RANK are indispensable for osteoclastogenesis, whereas absence of OPG causes increased osteoclastogenesis and osteopenia (17) . Although RANKL is best known for its role in bone resorption, it also plays multiple roles in the immune system (4, 5, 13, 18, 19) , in mammary gland development during pregnancy (20) , thermoregulation (21) , cancer metastasis (22) and hormone-derived breast development (23) .
As a result of its effects on bone metabolism, RANKL is considered a major therapeutic target for the suppression of bone resorption in bone metabolic diseases such as osteoporosis, rheumatoid arthritis and cancer metastasis (24) . Consequently, recombinant proteins that inhibit RANKL -RANK interactions, such as RANK-Fc, Fc-OPG and anti-RANKL antibodies, have been developed as agents against osteoporosis. Indeed, clinical trials with denosumab, a fully human monoclonal antibody against RANKL, showed an increased bone mass and reduced incidence of fractures in postmenopausal women with osteoporosis (25) and in prostate cancer patients receiving androgen-deprivation therapy (26) . This antibody has been recently approved in the USA and EU for the treatment of patients with osteoporosis and in prostate cancer patients undergoing hormonal ablation therapy. However, inhibitors that target formation of functional RANKL trimers have not been reported yet.
Additionally, a variety of loss-of-function mutations localized within the extracellular domain of RANKL have been recently reported in children with autosomal recessive osteopetrosis (ARO) (OMIM 602642), an incurable rare genetic disease (27) . However, the molecular mechanisms by which the identified mutations cause RANKL inactivation and osteopetrosis have not been fully resolved. Characterization of functional RANKL mutations existing either in humans or in animal models is a powerful approach for the elucidation of the molecular basis of ARO as well as for the potential design of novel RANKL inhibitors. The aim of this study was to characterize a novel loss-of-function point mutation in the Rankl gene that causes osteopetrosis in mice, in order to define the underlying molecular mechanism that results in ARO pathogenesis, investigate whether a similar loss-of-function mechanism exists in other TNF family members such as TNF and examine whether the identified amino acid could serve as a potential target for RANKL inhibition.
RESULTS

Generation of a novel ENU-induced mouse model of severe osteopetrosis
The toothless (tles) phenotype was identified as a recessive trait in which complete failure of tooth eruption was detected in N-ethyl-N-nitrosourea (ENU)-mutagenized G3 mice in both sexes ( Supplementary Material, Fig. S1A ). Mutant mice displayed also growth retardation, and lymphoid aberrations characterized by thymic hypoplasia, enlarged spleens and absence of lymph nodes. Additionally, these mice displayed early lethality, where 60% of the tles/tles mice died by the seventh week of age ( Supplementary Material, Fig. S1B ). Since failure of tooth eruption is a typical finding in osteopetrosis, we performed extensive histological analysis of the tibiae and femurs in 4 -6-week-old tles/tles mice and wildtype (WT) control littermates. Staining of long bones with von Kossa (Fig. 1A) , as well as with hematoxylin/eosin ( Fig. 1B ), revealed severe osteopetrosis in mutant mice, whereas staining with tartrate-resistant acid phosphatase (TRAP), an enzyme that is highly expressed in osteoclasts, showed that tles/tles mice completely lacked TRAP-positive (TRAP+) multinucleated osteoclasts ( Fig. 1B) .
Failure of osteoclast formation can result either from an intrinsic defect in osteoclast differentiation or from an impaired crosstalk between osteoclasts and osteoblasts/ stromal cells (28, 29) . To discriminate these possibilities, we performed ex vivo osteoclastogenesis assays using hematopoietic progenitor cells isolated from bone marrow (BM) or spleens that can differentiate into TRAP+ mature multinucleated osteoclasts in the presence of macrophage colony-stimulating factor (M-CSF) and RANKL (13) . Cultures of BM cells and splenocytes from either WT or tles/ tles mice differentiated into TRAP+ multinucleated osteoclasts ( Fig. 1C and Supplementary Material, Fig. S2A ), indicating that the intrinsic osteoclast differentiation process is not defective in the tles/tles mice. To determine whether osteoblasts isolated from the tles/tles mice can support osteoclastogenesis, we established ex vivo co-culture assays between primary osteoblast cultures and hematopoietic progenitors from BM or spleens in the presence of 1,25(OH) 2 vitamin D3 and prostaglandin E2 (PGE2) (30) . Osteoblasts from WT mice supported osteoclast formation in progenitors isolated either from WT or from tles/tles mice, whereas osteoblasts derived from tles/tles mice were inadequate to crosstalk with hematopoietic progenitors and direct their differentiation towards osteoclasts ( Fig. 1D and Supplementary Material, Fig. S2B ). These results demonstrate a defective crosstalk between osteoclast precursors and osteoblasts that could be possibly caused by a critical factor missing from the osteoblasts of tles/tles mice.
tles is a missense mutation in the Rankl gene
The entire genome of 124 F2 animals (62 affected and 62 normal control siblings) was scanned with a collection of 71 polymorphic markers. Initial screening of 20 animals (10 affected and 10 normal siblings) established linkage to distal chromosome 14. Fine mapping of the locus based on 248 meioses confirmed linkage to 14qD3 at 44 cM, between Human Molecular Genetics, 2012, Vol. 21, No. 4 785 single-nucleotide polymorphisms (SNPs) rs13482262 and rs30965774, with a logarithm of odds score of 33.8 and a P-value of 8.80912e242 ( Fig. 2A ). Screening of the region for candidate genes indicated the presence of the Rankl gene and sequencing of its coding region identified within exon 5 a single base transition of guanine to adenine (GenBank NM_011613.3), resulting in a glycine (G) to arginine (R) substitution at position 278 (G278R) (NP_035743) ( Fig. 2B ). G278 is located at the hydrophobic F b-strand of the monomer that is part of the inner A'AHCF b-sheet involved in intersubunit association and trimer assembly (6, 7) . Thus, the G278R substitution is likely to interrupt trimerization of the RANKL monomers due to steric clashes and positive charge introduction ( Fig. 2C and D) . G278 residue is highly conserved among various TNF superfamily members, including TNF, CD40L, TRAIL, BAFF and APRIL ( Fig. 2E ).
Genetic confirmation of the RANKL G278R mutation
To confirm that the RANKL G278R substitution causes the osteopetrotic phenotype developed in the tles/tles (Rankl tles/tles ) mice, we performed genetic complementation by generating Rankl 2/tles compound heterozygous mice through intercrosses between heterozygous Rankl +/tles mice and heterozygous Rankl null mice (Rankl +/2 ) (13). Rankl 2/tles mice (n ¼ 6) exhibited severe osteopetrosis characterized by failure of tooth eruption, high bone mass and absence of osteoclasts comparable with the phenotype developed in Rankl tles/tles and Rankl 2/2 mice (Fig. 3A) . These results verify that the G-to-A transition is a loss-of-function mutation that results in severe osteopetrosis in the Rankl tles/tles mice.
Three-dimensional microstructural analyses using highresolution microcomputed tomography confirmed severe osteopetrosis in Rankl tles/tles mice ( Fig. 3B ), which was further validated using bone histomorphometric analysis ( Fig. 3C ). Rankl tles/tles mice develop severe osteopetrosis similar to Rankl 2/2 mice, also indicating that the mutant protein is inactive. Interestingly, Rankl +/tles mice are not osteopetrotic and exhibit bone parameters similar to those of WT control mice and Rankl +/2 mice (Fig. 3C ).
To verify whether administration of recombinant RANKL restores osteoclast formation in vivo, Rankl tles/tles mice were treated from day 13 of age for a period of 14 days with daily subcutaneous injections of recombinant murine RANKL at 150 mg/kg. A massive formation of TRAP+ cells was identified both in trabecular and in cortical bones of RANKL-treated Rankl tles/tles mice, indicating that exogenous RANKL efficiently restores osteoclast formation in vivo ( Fig. 3D ). These results confirm that administration of recombinant RANKL might be considered for the therapy of human RANKL-mediated ARO (27) .
G278R impairs RANKL trimerization and binding to RANK
G278R substitution allows normal RANKL gene expression and protein production (Supplementary Material, Fig. S3 ). Since G278 resides at the subunit interfaces in the trimer, it may alter trimer formation. To determine whether G278R affects trimer assembly, recombinant soluble WT RANKL and RANKL G278R fused at the N-terminus with glutathione S-transferase (GST) were produced and characterized biochemically. Previous studies have shown that the GST moiety does not impact on RANKL function (31, 32) , whereas it enhances the formation of multimers due to the natural tendency of GST to dimerize. RANKL multimers were detected in WT GST-RANKL, but not in GST-RANKL G278R , using both monoclonal and polyclonal antibodies against murine RANKL or polyclonal antibodies against GST in native polyacrylamide gels ( Fig. 4A ). Instead, a lower molecular weight band was detected exclusively in GST-RANKL G278R using polyclonal antibodies against RANKL or GST, which corresponds most probable to GST-RANKL G278R monomers. In addition, both antibodies immunoreacted with high molecular weight GST-RANKL G278R complexes, indicating protein aggregation. The failure of GST-RANKL G278R detection by the monoclonal antibody in native conditions could be explained by the modification of the RANKL G278R structure so that the specific epitopes were either destroyed or masked. However, both GST-RANKL and GST-RANKL G278R were identified by both monoclonal and polyclonal antibodies against RANKL in SDS-reduced conditions (Fig. 4A ).
The inability of the soluble RANKL G278R protein to form trimers was then verified using chemical crosslinking ( Fig. 4B ). GST was removed from the RANKL protein, with proteolytic cleavage of GST-RANKL bound on glutathione beads. Even though, soluble WT RANKL was released efficiently from the beads, the majority of the soluble 
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Human Molecular Genetics, 2012, Vol. 21, No. 4 RANKL G278R protein remained bound on the beads after digestion (data not shown). This phenomenon indicates increased hydrophobicity of the RANKL G278R protein due to the formation of hydrophobic protein -protein interactions. Chemical crosslinking of soluble WT RANKL showed a trimer form in addition to a dimer and a monomer form, whereas without crosslinker only monomers were detected ( Fig. 4B ) (33) . In contrast, crosslinking of the released soluble RANKL G278R protein revealed only the monomer form and a high molecular weight 'aggregate' form.
To verify that RANKL G278R cannot form trimers in eukaryotic cells, HEK 293FT cells were transiently transfected with expression vectors of the full-length WT or RANKL G278R fused to FLAG or Myc tag at the C-terminus ( Fig. 4C ). Similar to the analysis of recombinant RANKL proteins, trimer formation was detected only in WT RANKL-Myc but not in RANKL G278R -Myc. Co-transfection of WT RANKL-FLAG with either WT RANKL-Myc or RANKL G278R -Myc revealed the presence of trimer formation only in cells coexpressing both WT forms (Fig. 4C ). These results indicate Figure 2 . Mapping, identification and representation of the tles mutation. (A) Based on genome-wide genetic analysis, the causal mutation was mapped to chromosome 14. (B) DNA sequencing of the Rankl gene in WT (+/+) control, +/tles heterozygous and tles/tles homozygous mice revealed that the mutation corresponds to a G-to-A transition (asterisk) causing a glycine-to-arginine substitution at residue 278. (C) Ribbon diagram of the RANKL trimer viewed down the 3-fold symmetry axis represents a trimer consisting of two WT monomers containing G278 (orange) and one monomer containing the G278R mutated residue (yellow). (D) Space-filling diagram of the RANKL monomer viewed towards the trimer interface, with the mutation G278R (yellow chickenwire) in place. Hydrophobic amino acids are colored purple, polar in green and charged (+/2) in blue/red, respectively. (E) The sequence of the extracellular F b-strand of the murine RANKL is aligned to those of human TNF family cytokines RANKL, TNF, CD40L, TRAIL, BAFF, APRIL and LTa. The degree of homology correlates with gray scaling, 0 -50% conservation (no color), 50-70% (gray), 70-90% (dark gray), .90% (black). The asterisk indicates G278. that RANKL G278R not only fails to form trimers but also inhibits WT RANKL trimerization.
Soluble RANKL (8, 9) was detected in supernatants of HEK 293FT cells transfected with WT RANKL-FLAG and WT RANKL-Myc or co-transfected with both WT forms but not in supernatants of cells transfected with RANKL G278R -Myc or co-transfected with WT RANKL-FLAG ( Fig. 4D) . These results support a failure of trimer assembly in cells expressing RANKL G278R or coexpressing RANKL G278R and WT RANKL, as the specific antibodies recognize epitopes on RANKL trimers which are not formed in the latter cases.
To investigate whether RANKL G278R interacts with WT RANKL, immunoprecipitation was performed. Lysates of HEK 293FT cells transfected with WT RANKL-FLAG in the presence of either WT RANKL-Myc or RANKL G278R -Myc were immunoprecipitated with an anti-Myc antibody, and the immunoprecipitates were assayed for the presence of the FLAG epitope by immunoblot ( Fig. 4E ). WT RANKL- 
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FLAG coimmunoprecipitated with either WT RANKL-Myc or RANKL G278R -Myc, indicating that WT RANKL interacts with RANKL G278R . To examine whether RANKL G278R binds to the RANK receptor, serial dilutions of murine RANK-Fc were incubated with immobilized WT GST-RANKL, GST-RANKL G278R or GST ( Fig. 4F ). RANK-Fc interacted with GST-RANKL in a dose-dependent manner, but not with GST-RANKL G278R or GST. This result shows that the binding affinity of GST-RANKL G278R for RANK-Fc was completely abolished, as a result of its inability to form trimers. Collectively, these results indicate that G278R substitution is critically involved in the abrogation of RANKL trimer formation and subsequently receptor binding.
RANKL G278R lacks biological activity and possesses a dominant-negative effect
To confirm that RANKL G278R is inactive and to test whether it interferes with the ability of WT RANKL to induce ex vivo osteoclast formation, BM cells were treated with 25 ng/ml M-CSF and 50 ng/ml GST-RANKL for 5 days in the presence Human Molecular Genetics, 2012, Vol. 21, No. 4 789 or absence of GST-RANKL G278R at different concentrations from 12.5 to 100 ng/ml ( Fig. 5A-C) . It is shown that WT GST-RANKL (ratio 1:0) induces formation of TRAP+ giant osteoclasts. Instead, RANKL G278R lacks biological activity as GST-RANKL G278R failed to induce formation of TRAP+ cells (ratio 0:1). Complete inhibition in the formation of multinucleated TRAP+ osteoclasts was noticed when the concentration of WT GST-RANKL was half of that of GST-RANKL G278R (ratio 1:2). Incubation of WT GST-RANKL with GST-RANKL G278R at equal molar 1:1 concentrations impaired the formation of TRAP+ giant multinucleated cells, whereas small-sized TRAP+ cells with low numbers of nuclei were still formed. However, TRAP+ giant multinucleated cells were formed at a 2:1 ratio, which were morphologically smaller and exhibited less multinucleation when compared with osteoclasts formed in the presence of WT GST-RANKL exclusively (ratio 1:0). Formation of giant osteoclast-like cells was evident when WT GST-RANKL was mixed with GST-RANKL G278R at a ratio of 4:1 or higher. Incubation of WT GST-RANKL with GST at similar concentrations (12.5-100 ng/ml) did not affect the formation of osteoclasts.
These results indicate that the RANKL G278R variant lacks biological activity and possesses a dominant-negative effect on WT RANKL function. However, a dominant-negative effect does not apply in heterozygous mutant mice. Since heterozygous mice are expected to produce a 1(WT):1(RANKL G278R ) protein ratio, we investigated the interactions between WT RANKL and RANKL G278R at equimolar amounts, after preincubation for 1 h, crosslinking with disuccinimidyl suberate (DSS) and analysis in SDS -PAGE ( Supplementary Material, Fig. S4 ). Interestingly, a dramatic increase in the intensity of RANKL trimers, dimers and monomers was observed, which could be explained by an interaction of RANKL G278R with WT RANKL and the formation of trimeric heterocomplexes (2 WT:1 RANKL G278R ). Exchange of one WT monomer in homotrimers with one RANKL G278R monomer is expected to increase the amount of WT monomers which could further bind together to form homodimers, as this constitutes a dynamic process. The increase in RANKL trimers could be attributed to the presence of both intact WT RANKL homotrimers and newly formed heterotrimers with RANKL G278R (2 WT:1 RANKL G278R ), which according to our in silico binding analyses are likely functional. Therefore, we postulate that, in heterozygous mice, adequate levels of functional RANKL trimers are formed enabling proper osteoclastogenesis, which could explain the absence of a dominant-negative effect in heterozygous animals.
G122R substitution abrogates TNF activity
Glycine at codon 278 of RANKL is highly conserved among various members of the TNF superfamily ( Fig. 2E ). Thus, 
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we investigated whether a similar substitution in human TNF, which corresponds to a replacement of glycine with arginine at position 122 (G122R) in the soluble form or at position 198 in the transmembrane form, modifies TNF trimerization and function. Biochemical analysis showed that TNF multimers were detected in recombinant WT GST-TNF but not in GST-TNF G122R , indicating failure of spontaneous trimer assembly ( Supplementary Material, Fig. S5 ). This result was also confirmed by chemical crosslinking (Fig. 6A ) of soluble WT TNF or TNF G122R after the removal of GST. Similar to the RANKL G278R variant, G122R substitution in TNF abrogated trimer formation, whereas monomers and, mainly, aggregates were formed instead of trimers, dimers and monomers detected in WT TNF (Fig. 6A) (34) .
To examine whether TNF G122R binds to TNF receptor, serial dilutions of human p75TNFR-Fc were incubated with immobilized soluble TNF or TNF G122R (Fig. 6B ). p75TNFR-Fc interacted with TNF in a dose-dependent manner, but not with TNF G122R , indicating that TNF G122R cannot bind to its receptor. The biological activity of the GST-TNF G122R variant was tested using in vitro cytotoxicity assays. Although recombinant WT GST-TNF induced dosedependent cytotoxicity in L929 cells, GST-TNF G122R was inefficient to induce cytotoxicity not only at similar doses (0.03-4 ng/ml) ( Fig. 6C ) but also at doses 60 times more concentrated (240 ng/ml). These results indicate that a similar residue substitution in soluble human TNF, G122R, is critically involved in the abrogation of TNF trimer assembly, receptor binding and biological activity.
Small-molecule SPD304 interferes with RANKL structure and inhibits RANKL-induced osteoclastogenesis
A novel small-molecule inhibitor of TNF trimerization, named SPD304, has been recently reported (35) to interact with glycine 122 (G122), which corresponds to G278 in RANKL. Experimental evidence on the TNF analogue (35) and in silico binding studies on mouse RANKL confirm that the optimal binding position of SPD304, causing trimer inhibition, is located very close (,4 Å ) to the G278 mutation position in the structure ( Supplementary Material, Fig. S6A ). To experimentally confirm the interference of the SPD304 with the RANKL structure, soluble mouse RANKL was preincubated with increasing concentrations of SPD304 (6 -200 mM) and analyzed in native gels showing the natural conformation of RANKL protein ( Supplementary Material, Fig. S6B ). In the absence of SPD304, soluble RANKL was detected as a single main band, whereas a second band of lower molecular weight was also evident in the presence of SPD304. This change of the RANKL conformation appeared even in the lower concentration of SPD304 tested (6 mM) and was more noticeable at 200 mM, indicating a possible release of RANKL dimers and monomers by SPD304. To confirm this, chemical crosslinking experiments were performed in soluble RANKL preincubated with SPD304 at similar concentrations. Indeed, in the presence of SPD304, a dramatic increase of RANKL dimers and monomers was detected, indicating disruption of the trimeric RANKL structure (Supplementary Material, Fig. S6C ). Intriguingly, a significant increase in the intensity of the band corresponding to RANKL trimers was also noticed. This could reflect a possible conformational alteration in the structure of RANKL trimers complexed with SPD304 that lowers the threshold required for the detection of RANKL trimeric molecules by the polyclonal anti-RANKL antibody, enabling the detection of more RANKL molecules.
To investigate whether SPD304 can inhibit RANKL function in osteoclastogenesis assays, BM cells were treated with 25 ng/ml M-CSF and 80 ng/ml GST-RANKL in the presence of SPD304 at different concentrations ranging from 0.25 to 2 mM. SPD304 at 1 mM attenuated both the number and the size of TRAP+ multinucleated cells, whereas at 2 mM the formation of multinuclear TRAP+ osteoclast was completely inhibited (Fig. 7A -C) . SPD304 did not display any cell toxicity at the indicated doses. Collectively, these results provide supporting evidence that SPD304 modifies the conformation of the RANKL trimeric structure and inhibits RANKL-mediated osteoclastogenesis.
DISCUSSION
Human osteopetroses are a heterogeneous group of bone remodeling disorders characterized by an increase in bone density due to a defect in osteoclastic bone resorption. Functional mutations in RANKL have been identified in a new form of osteoclast-poor ARO that could not be cured by hematopoietic stem cell transplantation. Three loss-of-function RANKL mutations have been identified in ARO, M199K, del145-177AA and V277WfX5 (27) ; the single amino acid substitution, M199K, is located within a highly conserved domain, the deletion 145-177 removes b-strand A and half of the AA ′ loop which could abolish the interaction with RANK, whereas the frameshift deletion V277WfX5 and the resultant loss of strand F, which is important for the trimerization of RANKL, could abrogate the conformation and the binding activity (36) . Interestingly, these RANKL mutations were localized within the extracellular bioactive TNF-like core domain, whereas the underlying molecular mechanisms leading to ARO pathogenesis remain unknown. Characterization of functional RANKL mutations derived either in humans or in animal models constitutes a powerful approach for the elucidation of the molecular basis of ARO as well as for the potential design of novel RANKL inhibitors.
Following a forward genetics approach using ENUmediated random mutagenesis, we identified a novel ARO model (tles), characterized by defective tooth eruption, complete lack in osteoclasts, increased bone mass and absence of lymph nodes. In this study, we demonstrate that the tles osteopetrotic phenotype is caused by a missense point mutation in the Rankl gene that corresponds to a single amino acid substitution from glycine to arginine (G278R) at the extracellular TNF-like core domain of RANKL. Since the skeletal phenotype of the Rankl mutant mice (Rankl tles/tles ) is similar to the existing Rankl knockout models (13, 14) , our results indicate that a single amino acid change is sufficient to cause a loss-of function Rankl allele and subsequently ARO in vivo. However, the Rankl tles/tles mice differ from the Rankl knockout mice at the molecular level. Even though Rankl tles/tles mice produce physiological levels of a nonfunctional RANKL protein, in Rankl knockout mice there is no production of either mRNA or RANKL protein. This is due to the fact that the Rankl null alleles have been highly disrupted by the incorporation of the neomycin selection cassette as well as by the deletion of large protein regions. Instead, the mutant allele contains a point mutation in a coding region that causes a single amino acid substitution, mimicking natural genetic variants. The Rankl tles/tles osteopetrotic model is the first reported animal model that carries a functional mutation in the Rankl gene and closely resembles RANKL-mediated human ARO, as in both cases the RANKL protein is produced but is inactive due to disruptive mutations at the extracellular bioactive TNF-like core domain, unlike the Rankl null alleles (13, 14) . G278R substitution fully abrogates RANKL function by impairing trimer assembly, providing a possible mechanistic explanation for some forms of human RANKL-mediated ARO. Even though, an equivalent substitution for G278 has not been reported in ARO patients so far, such amino acid is deleted at the frameshift deletion V277WfX5, which is predicted to cause loss of the bG, bH and bF strands of RANKL, important for its trimerization (27) . It is therefore likely that the loss of trimerization we have described in this study may represent a pathogenetic mechanism driving ARO pathology. Thus, in addition to the use of Rankl knockout models for preclinical studies, our newly described ARO model may also be useful in the validation of new therapeutic approaches in ARO due to the presence, as in humans, of a mutated RANKL variant. Indeed, administration of recombinant soluble RANKL completely rescues the osteoclast defect in vivo, indicating that treatment with recombinant RANKL 
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Human Molecular Genetics, 2012, Vol. 21, No. 4 might overcome failure of osteoclast formation and osteopetrosis in ARO. Future comparative studies could show whether the effectiveness of novel therapeutic approaches is similar in both ARO mouse models, Rankl tles/tles and Rankl knockout mice, which differ at the protein level. At the molecular level, our data demonstrate that a single amino acid substitution in the core of TNF-like trimeric structure, G278R, completely inactivates RANKL function by inhibiting its trimerization. Even though, it has been previously proposed that RANKL trimerization involves intersubunit interactions among 43 residues, scattered mainly within the 10 highly conserved b-strands of each monomer (6) , it is shown here for first time that a single amino acid substitution is sufficient to completely disrupt trimer assembly. G278 is originally shown here to constitute one of the critical amino acid involved in RANKL function, providing new opportunities for the rational design of novel RANKL inhibitors. So far, the identification of functional RANKL residues has been based on predictions made on the crystal structure of RANKL/ RANK (36, 37) . Such studies have been exclusively concentrated in amino acids interacting with the RANK receptor such as the Glu225, Arg222 and Asp299 residues (37), where their substitution leads to a dramatic decrease on binding to RANK and subsequent inability to promote osteoclast formation. Our forward genetics approach identifies and characterizes a critical amino acid substitution that results in protein inactivation and subsequently to osteopetrosis in vivo.
From our constructed model of the RANKL G278R protein based on the known crystal structure (6, 7) , it is apparent that RANKL G278R mutation may not affect the formation and folding of the monomer but will most definitely affect the formation of a trimer assembly. The RANKL G278R mutation is located at the hydrophobic F b-strand (Fig. 2C) , which is 100% conserved between human and mouse RANKL. The F b-strand is part of the inner A'AHCF b-sheet that is involved in intersubunit association. The introduction of a positive charge as well as a long side chain is expected to disrupt the hydrophobic interface and create steric hindrances causing packing inefficiencies (Fig. 2D ). Our biochemical analysis on recombinant soluble RANKL has revealed that functional trimers or multimers are not detected for the RANKL G278R protein, confirming our structure-based prediction regarding the trimerization inability of RANKL G278R . Instead, our studies reveal the presence of monomers as well as the formation of RANKL G278R aggregates that could be explained by the exposure of hydrophobic regions previously buried in trimer interfaces. Such hydrophobic surfaces have a natural tendency to stick together forming non-functional protein aggregates. Since formation of a functional RANKL trimer is prerequisite for receptor binding, RANKL G278R is unable to bind and activate RANK that is required for the stimulation of the downstream signaling cascades, leading to osteoclast differentiation, activation and survival.
Interestingly, the G278 residue of RANKL is highly conserved in various members of the TNF superfamily including TNF, CD40L, TRAIL, BAFF and APRIL, suggesting a similar involvement in homotrimer assembly. Notably, a similar substitution of this conserved glycine residue by valine at position 227 has also been detected in the CD40L gene in patients with X-linked hyper IgM syndrome (38) . However, it has not been experimentally proven that glycine 227 is involved in ligand trimerization. Therefore, we investigated whether a similar substitution in another TNF family member results also in an inability in the formation of trimers. TNF, the prototype of the TNF superfamily, has a central role in the pathogenesis of chronic inflammatory and autoimmune disorders (39) , and TNF inhibitors were the first biologic therapeutics approved for the treatment of rheumatoid arthritis and inflammatory bowel disease. Our present data confirm that a similar residue substitution in soluble TNF, G122R, abrogates TNF trimer formation, binding to the p75TNF receptor and bioactivity. Therefore, the identified conserved glycine within the TNF-like core domain seems to be critically involved in trimer formation and could be exploited for the design of novel specific inhibitors against TNF superfamily members.
Recombinant RANKL G278R protein has a dominantnegative effect in ex vivo osteoclastogenesis assays which depends on the ratio between WT and RANKL G278R proteins. According to our in vitro experimental data and proposed structural model, functional trimers can be formed when the ratio of WT to RANKL G278R protein is 3:0 (WT homotrimers) or 2:1 (no dominant negative), whereas there is no activity at the ratio of 0:3 (only RANKL G278R ) or 1:2 (dominant negative), as the latter are proposed to lack trimerization potency. The formation of a heterotrimer with one mutant monomer may still be possible without exerting a dominantnegative effect, since two out of three hydrophobic interfaces between the monomers are still intact and hold the trimer assembly (Fig. 2C) . However, the introduction of two or three mutant monomers in the trimer is expected to introduce extra charge repulsions as well as additional steric hindrances leading to the failure of functional trimer assembly. The absence of a dominant-negative effect in heterozygous Rankl tles/+ mice in vivo can be explained by the stoichiometry between WT and RANKL G278R in RANKL trimers. As RANKL spontaneously forms trimers, WT and RANKL G278R proteins can interact and form either 2(WT):1(RANKL G278R ) trimers or 1(WT):2(RANKL G278R ) trimers. Even though heterozygous mice are expected to produce a 1 (WT):1(RANKL G278R ) protein ratio, due to the trimeric RANKL nature these RANKL variants can still form functional WT homotrimers or 2(WT):1(RANKL G278R ) trimers, which are shown in vitro to lead to osteoclastogenesis (Fig. 5 ). Indeed, our biochemical analyses show that at equimolar ratio, soluble WT RANKL and RANKL G278R interact, increasing the levels of trimeric RANKL molecules (Supplementary Material, Fig. S4 ). Such trimers could correspond to both intact WT RANKL homotrimers and the newly formed heterotrimers with RANKL G278R (2WT:1RANKL G278R ), which according to our in silico binding analyses are likely functional. Therefore, we postulate that, in heterozygous mice, adequate levels of functional RANKL trimers are formed enabling proper osteoclastogenesis, which could explain why a dominant-negative effect does not apply in the heterozygous animals. Instead, complete blockade of RANKL trimer formation in vivo would require at least two times higher levels of the RANKL G278R protein so that the stoichiometry favors the dominant-negative effect by 1(WT):2(RANKL G278R ), which is not probable in heterozygous mice, but may be achieved pharmacologically.
Human Molecular Genetics, 2012, Vol. 21, No. 4 793 RANKL is a key therapeutic target in bone-loss diseases such as osteoporosis, rheumatoid arthritis and bone metastasis. Recombinant proteins that inhibit RANKL -RANK interactions, such as RANK-Fc, Fc-OPG and anti-RANKL antibodies, have been effectively used for the treatment of osteolytic bone diseases (25, 40, 41) . However, the use of large macromolecules as therapeutic agents can be hindered by drawbacks, including antigenicity, poor bioavailability and high cost. A variety of novel antiresorptive agents, either small peptides or peptidomimetics based on the structure of RANKL and RANK, have been recently developed that mainly antagonize either the RANKL -RANK interaction (36, 37, 42) or the interaction of RANK with signaling adaptor molecules (43) . Such inhibitors have been developed as alternative agents to overcome the disadvantages of using macromolecules. The identification of G278 as a critical residue functionally involved in RANKL trimer assembly points to the potential use of novel RANKL inhibitors, such as peptides or small molecules that are designed to interact with such residue in order to inhibit trimerization. It has been previously shown that trimer assembly within the TNF ligand family constitutes a dynamic process where subunits can be exchanged (44) . This phenomenon could explain the dominant-negative effect exerted by the RANKL G278R variant. Additionally, it has been recently demonstrated that the disruption of tightly preassociated homotrimeric proteins, such as TNF, is feasible through inhibitors that accelerate subunit dissociation. SPD304, the strongest small-molecule TNF antagonist reported to date, promotes the dissociation of TNF trimers (35) by displacing one of the three TNF subunits and forming a complex with the remaining two that are unable to bind to and stimulate TNF receptors. Among the 16 interacting residues, 7 are localized in the F b-strand, including G122, which corresponds to G278 in RANKL. Our results demonstrate that SPD304 effectively inhibits RANKL-induced ex vivo osteoclast formation, suggesting a commonality of mechanism to that of TNF inhibition. This effect might be explained by interference of SPD304 with the hydrophobic interfaces of RANKL monomers, including the G278 residue. Indeed, in silico binding studies on mouse RANKL confirm that the optimal binding position of SPD304, causing trimer inhibition, is located very close (,4 Å ) to the G278 mutation position (35) . Therefore, both the G278R mutation and SPD304 acting on the same location of the trimer's monomer -monomer interface are likely to cause an equivalent inhibition effect to the trimer formation. Our experimental results provide supporting evidence that SPD304 interferes with the trimeric RANKL structure promoting release of dimers and monomers similar to the mechanism reported for TNF (35) . However, SPD304 contains a potentially toxic 3-substituted indole moiety that produces reactive intermediates which possibly cause toxicities by covalently binding to nucleophilic residues of protein and/or DNA (45) . Further modifications of SPD304 will allow the development of more potent chemical agents that abrogate trimerization with higher specificity to TNF and/or RANKL and less toxicity that can be applied for therapeutic purposes. Especially for RANKL, the development of small-molecule inhibitors could offer accessibility to tissues such as brain where RANKL is highly expressed and is involved in important biological processes like thermoregulation (21) . In this aspect, our results provide a molecular basis for the rational design and evaluation of novel RANKL inhibitors, either peptides and/or small molecules that target trimerization as a novel strategic approach for impairing RANKL bioactivity. Collectively, our results reveal a functional amino acid critical for ligand trimerization and bioactivity within the TNF ligand superfamily which could be used as a target for designing novel inhibitors that specifically inhibit trimer assembly and subsequently function of RANKL, TNF or other TNF superfamily members.
MATERIALS AND METHODS
Mouse husbandry
The Rankl 2/2 mice have been previously reported (13) . DBA/ 2J mice were purchased from the Jackson Laboratories. Mice were maintained and bred under specific pathogen-free conditions in the animal facility of Biomedical Sciences Research Center (BSRC) 'Alexander Fleming'. All animal procedures were approved and carried out in strict accordance with the guidelines of the Institutional Animal Care and Use Committee of BSRC 'Alexander Fleming' and in accordance with the Hellenic License for Animal Experimentation at the BSRC 'Alexander Fleming'.
ENU mutagenesis
G0 males of a mixed C57BL/6Jx129S6 background were treated with ENU (Sigma-Aldrich, Inc.) administered in three weekly doses at 100 mg/kg of body weight (46, 47) . Each G0 mouse was crossed to WT C57BL/6Jx129S6 females to produce G1 males that were further mated with WT females to produce G2 daughters that were subsequently backcrossed with the G1 parent to generate G3 progeny (47 -49) . ENU mutagenesis was performed at BSRC 'Alexander Fleming'.
Mapping and sequencing
Heterozygous +/tles animals were outcrossed with DBA/2J mice and the F1 offspring were intercrossed to generate the F2 progeny harboring the recessive tles mutation. F2 progeny were screened for osteopetrosis and used for genetic analysis. A total of 71 polymorphic markers, including simple sequence-length polymorphisms (SSLPs) and SNPs, were used for genome-wide linkage analysis. SSLPs were resolved on 4% agarose gels, whereas SNPs were identified by pyrosequencing using the Pyromark ID instrument (Biotage AB). A standard genome scan was conducted using R/qtl (The R Foundation for Statistical Computing, version 2.8.0) (50). Log-likelihood linkage for single-trait analysis was established by non-parametric interval mapping of a binary model (diseased versus healthy control siblings), on 124 F2 animals in total, computed at 1 cM increments over the entire genome. Sequencing was carried out as a service by MWG Biotech AG.
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Crystal structure and molecular modeling
The RANKL homotrimer structure was obtained from the Protein Data Bank (PDB; code 1S55) (www.rcsb.org/pdb/). Molecular models for the G278R mutant homo-and heterotrimers were built using Modeller v9.4 (51) and tested for packing inconsistencies and atomic clashes using the program QUANTA-CHARM (Molecular Simulations, Inc., San Diego, CA, USA) (52) .
Histopathological analysis
Femurs and tibiae were fixed in 4% PFA for 6 h, decalcified in 13% EDTA and embedded in paraffin. Sections of 5 mm thickness were stained with hematoxylin/eosin. Osteoclasts were stained for TRAP activity using a leukocyte acid phosphatase (TRAP) kit (Sigma-Aldrich).
Ex vivo osteoclast formation
BM cells were collected after flushing out of femurs and tibiae, subjected to gradient purification using ficoll-paque (GE Healthcare), plated in 24-well plates at a density of 5 × 10 5 cells per well and cultured in aMEM medium (GIBCO) containing 10% fetal bovine serum supplemented with 40 ng/ml RANKL (R&D Systems) and 25 ng/ml M-CSF (R&D Systems) for 5 days. Similarly, splenocytes were collected, plated in 24-well plates at a density of 10 6 cells per well and cultured in the presence of recombinant RANKL and M-CSF for 6 days. GST-RANKL G278R was preincubated with WT GST-RANKL at room temperature for 20 min, prior to the stimulation of the BM cell cultures, in order to enable exchange of the RANKL variants and heterotrimer formation. Small-molecule SPD304 (Sigma-Aldrich) was preincubated with 80 ng/ml GST-RANKL at various concentrations from 0.25 to 2 mM in aMEM medium for 1 h at room temperature and then added to culture. Osteoclasts were stained for TRAP activity. Osteoblasts were isolated from calvariae of 10-day-old mice, using a sequential collagenase/dispase digestion procedure, were plated in 24-well plates at a density of 4 × 10 4 cells per well and cultured overnight in aMEM medium with 10% FBS. BM cells or splenocytes were collected, cultured with 10 ng/ml M-CSF overnight, subjected to gradient centrifugation and co-cultured with osteoblasts at a density of 5 × 10 5 (BM cells) and 2 × 10 6 (splenocytes) in aMEM medium supplemented with 1,25(OH) 2 vitamin D3 (10 nM) and PGE2 (1 mM) for 6 days.
Bone histomorphometry
Left femurs were fixed in 4% formalin and embedded in methylmethacrylate resin (Technovit; Heraeus Kulzer, Wehrheim, Germany) using standard procedures. Four-micrometer-thick sections were prepared with a Jung microtome (Jung, Heidelberg, Germany) and stained with von Kossa stain and toluidine blue. Standard bone histomorphometric measures were analyzed using a Zeiss Axioskop 2 microscope (Zeiss, Marburg, Germany) equipped with an Osteomeasure image analysis system.
MicroCT imaging
MicroCT images were acquired on a vivaCT40 (Scanco Medical, Bassersdorf, Switzerland). The scanner generates a cone beam at 5 mm spot size and operates at 50 keV. Images of femurs from WT, Rankl 2/2 , Rank +/2 , Rankl tles/ tles and Rankl +/tles mice were acquired.
Quantification of soluble RANKL
The levels of soluble mouse RANKL were quantitated using a commercial ELISA kit (R&D).
Expression and purification of GST-RANKL and GST-TNF
The extracellular domains of RANKL, RANKL G278R , TNF and TNF G122R were expressed in Escherichia coli as a GST-fusion protein. Briefly, a cDNA encoding the core ectodomain of murine RANKL residues 158-316, with or without the G278R substitution, was cloned into pGEX-6P-1 (GE Healthcare Life Sciences) downstream of GST. For the generation of recombinant GST-TNF, a cDNA encoding the extracellular domain of human TNF from valine 77 to leucine 233 was also cloned into pGEX-6P-1. The G122R substitution was introduced by a two-step overlapping PCR approach. Following IPTG-mediated (100 mM) induction of protein expression, BL21cells were lysed by sonication, and incubated with glutathione-sepharose beads. The GST-fused proteins were released from the affinity matrix by competitive elution with 50 mM glutathione (Sigma-Aldrich).
Purification of soluble RANKL and TNF
After the capture of GST-RANKL or GST-TNF on glutathione beads, soluble RANKL or TNF was eluted by cleavage of beads with PreScission Protease (GE healthcare) for overnight at 48C.
Protein crosslinking assay
The chemical crosslinking reagent DSS (Sigma) was used to examine the trimeric property of RANKL and TNF (33) . 50 mM of DSS was prepared as a stock solution in dimethyl sulfoxide. RANKL or TNF proteins at a final concentration of 0.1 mM in PBS buffer (pH 7.5) were mixed with 1 mM DSS (the molar ratio of DSS is 10:1). The crosslinking reactions were carried out for 1 h at room temperature and terminated with 50 mM Tris (pH 7.5) for 30 min. Proteins from reaction mixtures were separated on 12% SDS-PAGE, followed by staining with Coomassie blue R-250 or proceeded in western blot.
Generation of C-terminus-tagged full-length WT and RANKL G278R
The full-length mouse WT or RANKL G278R cDNA constructs encoded residues 1 -316 without a stop codon. A Myc-tagged RANKL expression vector was constructed by inserting fulllength RANKL into the pcDNA3.1/myc-His A MCS vector Human Molecular Genetics, 2012, Vol. 21, No. 4 795 (Invitrogen). FLAG-tagged RANKL was created by subcloning full-length RANKL into the p3XFLAG-CMV-14 expression vector (Sigma-Aldrich).
Transient 293 transfection assays HEK 293FT cells were transfected with 1 mg of plasmid DNA using TransIt-293 transfection reagent (Mirus, Madison, WI, USA). After 48 h, transfected cells were harvested in PBS and the half quantity was diluted in equal volume of 2× Laemmli sample buffer, and analyzed in 12% acrylamide denatured gels. The remaining cells were lysed by sonication, centrifuged and analyzed in 8% native acrylamide gels.
Western blot
Recombinant proteins or lysates were resolved either on 8% native acrylamide gels or on 12% SDS denatured acrylamide gels. RANKL was detected by western blotting using either a monoclonal (clone IK22/5, eBioscience) or a polyclonal (R&D Systems) anti-RANKL antibody, whereas for GST detection a rabbit polyclonal anti-GST antibody was used. Human TNF was detected using a rabbit polyclonal anti-TNF antibody provided by Professor Wim Buurman (Maastricht University). Moreover, antibodies against Myc (rabbit polyclonal, Santa Cruz Biotechnology), FLAG (M2, Sigma) and actin (goat polyclonal, Santa Cruz Biotechnology) were also used.
Immunoprecipitation HEK 293FT cells were harvested 48 h after transient transfection, lysed and incubated with an anti-Myc antibody. Anti-Myc immunocomplexes were precipitated with protein A/G Sepharose (Santa Cruz Biotechnology). Protein complexes were resolved by SDS -PAGE and immunoblotted with an anti-FLAG antibody.
Binding assay of GST-RANKL G278R to RANK Nunc plates were coated with recombinant WT GST-RANKL, GST-RANKL G278R or GST at 3 mg/ml and after blocking with 1% BSA were incubated with increasing amount of recombinant mouse RANK-Fc (R&D Systems). RANK binding was detected with a phycoerythrin (PE)-conjugated goat anti-human IgG (Fc) (SouthernBiotech, Birmingham, AL, USA) that was measured (539 -573 nm) with the fluorescent plate reader TECAN infinite M200.
Binding assay of TNF G122R to TNFR Nunc plates were coated with recombinant soluble TNF or TNF G122R at 3 mg/ml and incubated with increasing amount of recombinant human p75TNFR-Fc (Wyeth). TNFR binding was detected with a horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Fc) (SouthernBiotech) using o-phenylenediamine substrate (Thermo Scientific Pierce), which was measured at 490 nm.
In vivo administration of soluble RANKL
Recombinant soluble RANKL was produced after the digestion of the GST-RANKL protein with prescission protease (GE Healthcare) for the removal of GST. Mice were treated from day 13 of age for a period of 14 days with subcutaneous injections of 150 mg/kg soluble RANKL.
Statistical analysis
Statistical analysis was performed on the Prism software, using one-way ANOVA with Tukey's multiple comparison test. All values are reported as the mean + standard error of the mean (SEM). All P-values ,0.05 were considered significant.
